Abstract: This paper presents a PV (photovoltaic) powered RO (reverse osmosis) plant for brackish water without batteries and a self-regulating pressure valve. The aim is to extract the maximum power from the PV module using an MPPT (maximum power point tracking) technique for powering a solar water pump and maintain constant the pressure in the RO membranes by using the self-operated valve. A Buck type converter using the InCond (incremental conductance) MPPT was developed for this application. The MPPT chosen was simulated, tested and validated, showing an efficiency of 86.8%. The technical feasibility of the RO plant was made by PLC (programmable logic controller) and was tested for two salinity levels (1,000 and 1,500 mg/L of TDS (total dissolved solids)). These salinity levels chosen are commonly found in most brackish water wells of the semi-arid region of Northeastern Brazil. The RO plant could permeate 175.3 L/day of drinking water with 120 mg/L of TDS and specific energy consumption of 2.56 kWh/m 3 .
Introduction


Water has a critical contribution to all aspects of personal welfare and economic life. However, global water resources are coming under increasing pressure from growing human demands and climate change. However, only about 2.7% of all the water resources are potable, while about 25% of the world's population does not have access to adequate quality and quantity of fresh water [1] .
According to UN (United Nations) in the WWDR (world water development report) 4, 2015, in 15 years, the water crisis worsened all over the world and it states that poorest will suffer most of the consequences Corresponding author: Doglasse Ernesto Mendonça, M.Sc., lecturer, research fields: power electronics, desalination systems, renewable energy, embedded digital systems. of this process [2] . Thus, the desalination of seawater and brackish appears as a viable option to address water scarcity and ensure a reliable supply of drinking water.
Desalination is a general term for the process of removing salt from water to produce fresh water. Fresh water is defined as containing less than 1,000 mg/L of salts or TDS (total dissolved solids) [3] .
The major two desalination methods are distillation (boiling and condensation) and the RO (reverse osmosis) process. The RO system uses a fine membrane that allows pure water to pass through while rejecting the large salt molecules. This is achieved by pressurizing the seawater to about 60 bars and then to force the water through the mechanical constriction presented by the membrane against the natural osmotic pressure.
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The major costs in desalination are related to energy which can represent between 30% and 50% of the operating costs [4] . To improve system efficiency and reduce cost of the system was developed a step-down direct current (DC-DC) Buck type converter controlled by an MPPT algorithm for connecting to the pump responsible for pressurizing water to the RO membranes and a self-regulating pressure valve in the concentrate.
The technical feasibility of the system was made with the PLC (programmable logic controller) that allowed the acquisition of desalination plant data.
Brackish Water RO Plant Design
The RO plant, shown schematically in Fig. 1 , consists of four storage tanks of 310 litres each.
Self-regulating Pressure Valve
The self-regulating pressure valve in Fig. 2 , is actuated by a pressure responsive diaphragm, which seeks to reach equilibrium between hydraulic and set spring force.
Supplied with a special throttling plug and elastomeric seal, it reduces higher upstream pressure to lower constant downstream pressure. The valve was installed in the concentrate line.
The Upstream Pressure (P1) applies balanced opening and closing hydraulic forces under the Diaphragm 1 and above the Plug (2). Downstream Pressure (P2) applies hydraulic closing force under the 1 -Brackish water tank; 2 -Storage brackish water tank; 3 -Drinking water; 4 -Concentrate; 5 -Pre-treatment block (sediment filter, carbon filter, deionizer filter); 6 -TW30-1812-100 RO membranes; 7 -Self-regulating pressure valve (Bermad valves type); 8 -Manual valve; 9 -Pressure meter; 10 -Flow meter; 11 -Solar water pump SHURFLO 8000; 12 -Solar water pump SHURFLO 2088; 13 and 14 -Manual valve (nomal closed valve and used only for backwasher). plug, which seeks to reach equilibrium with the Set Spring (3) force. Should (P2) rise above setting, the hydraulic closing forces rise above the mechanical force of the spring, pushing the plug to modulate closed, reducing (P2) back to setting, and eventually shutting drip-tight. The setting screw (4) is used to adjust the maximum operated pressure.
Photovoltaic System for RO (PV-RO)
The photovoltaic system for powering the desalination plant is designed according to the block diagram in Fig. 3 . Consists of 1 PV module 160 W, a DC-DC Buck type converter of 160 W, which was developed especially for this application, 2 hall current sensors ACS712, 2 voltage sensors of the resistive divider (R1 = 150 kΩ, R2 = 18 kΩ, R3 = 75 kΩ and R4 = 27 kΩ), a driver for signal conditioning, a PIC18F2550 microcontroller, responsible for implementing the MPPT code, an Inductor (L = 320 μH), an MOSFET (CH-IRFP064N), a diode (D-MBR1535CT). I_ref, V_ref, V_ref1 are the currents and voltage reference, M is solar water pump and the capacitors are Ce = 4 × 470 μF and the output capacitor C = 2 × 470 μF.
MPPT for PV
The operating point of a photovoltaic generator that is connected to a load is determined by the intersection point of its characteristic curves. In general, this point is not the same as the generator's maximum power point. This difference means losses in the system performance [5, 6] . The efficiency of the system can be improved if the PV array is operated intentionally at the MPP (maximum power point), irrespective of varying atmospheric conditions. An MPPT is used for extracting the maximum power from the solar PV module and transferring that power to the load. A DC/DC converter serves the purpose of transferring maximum power from the solar PV module to the load. A DC/DC converter acts as an interface between the module and the load. It is responsible to change the duty cycle by matching the load impedance at the MPP [7] . Therefore, MPPT techniques are needed to maintain the PV array's operating at its MPP [8] . A large number of conventional MPPT techniques, have been reported in Ref. [9] . In this project, the InCond (incremental conductance) method was used, and 190 algorithm code was written according to the flow chart of Fig. 4 . This strategy is based on the fact that the slope of power-voltage curve is zero at the maximum point (dP/dV = 0 and P = V·I). According to this condition, the MPP can be found in terms of PV array conductance increment. Eq. (1) for the slope dP/dV at MPP is given by:
Therefore, by evaluating the derivative of Eq. (1), the method can test whether the PV generator is operating at near MPP or far away from it using conditions of Eq. (2).
where, P, I and V are the PV array output power, voltage and current, respectively. Discreetly are represented by I(n) and V(n). Where ∆ and ∆ can be obtained by the Eqs. (3) and (4). 
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Specifications and Power Unit Design Considerations
The power unit for this application was developed taking consideration of PV module specifications and solar water pump specifications. Table 1 shows the specifications of the power unit.
To obtain the main equation that shows how the converter find MPP, the current and voltage gain of the buck converter should be obtained using the Eqs. (5) and (6) [10] .
Combining Eqs. (5) and (6) by relational substitutions, we arrive at Eq. (7), showing how the converter can stop the load line at the maximum power point by varying the duty cycle (D). ,
where, I Load is the current that passes thought the load, I PV is PV output current; V PV is PV output voltage, R Load is the impedance; R ei is the input effective resistance, which is variable.
Implementation Design
The power unit prototype, a DC-DC Buck converter, developed is shown in Fig. 5 . The board was developed at the laboratory of GPEC (Control and Energy Processing Group) of the DEE-UFC (Electrical Engineering Department-Federal University of Ceará), and was subsequently installed in the desalination plant of the LEA (Alternative Energy Laboratory) of the UFC. According to Fig. 5 , the developed power unit is composed of: 1-PV input, 2-output voltage, 3-microcontroller PIC 18F2550, 4-A3120 driver, 5-inductor, 6-MOSFET, 7-diode, 8-current sensor, 9-voltage sensor.
Photovoltaic Module
The PV module (AZUR TSM 160) is installed at the roof of LEA, approximately 15 ° of geographic north as shown in Fig. 6 .
Brackish RO Plant
The RO plant used, showed in Fig. 7 , consists of four fiberglass tanks. For environmental reasons the tanks are interconnected in a closed system, so that the permeate and concentrate flows return to the tank.
System Validation
To validate the developed power unit, three steps were performed:
(1) A tracer mini-KLA model was used to obtain the MPP of the PV module curve for different levels of irradiance and temperature. (2) The developed power unit was connected to a resistive load consisting of three dichroic lamps of 50 W/12 V connected in parallel and the power unit efficiency was calculated by Eq. (8).
where, is the efficiency; T is the maximum power measured by the tracer; is the power in the load.
A measured and estimated value for the steps taken to validate the method chosen is shown in Table 2 . The MPPT efficiency was calculated by Eq. (8) [11] . Fig. 8 shows the validation of the MPPT where the INC method chosen showed 86.8% of efficiency in average. We could find out that even for low levels of irradiance, such as 200 W/m 2 , the power unit was capable of supplying the rated power for the solar pump.
(3) The PV system was connected to the RO plant and tested for two desalination salt concentration levels of about 1,000 to 1,500 mg/L TDS. These salt levels are found on most of the brackish water wells of semi-arid regions, especially in northeastern Brazil [12] . The variation of the two salt levels was made by addition of sodium chloride NaCl (cooking salt) in the well tank.
The tests were carried out at the plant in two clear sky days. The results obtained for two days and two salt concentration levels are summarized in Table 3 . 
Conclusions
Optimizing the use of solar energy has become a very important topic for improving efficiency in systems powered by this type of power source and therefore cost savings. One way to reduce costs of this form of energy generation is the use of MPPT algorithms and DC-DC converters without the use of batteries. In this project we developed a Buck type converter using INC algorithm for MPPT. The algorithm used reached 86.8% of efficiency in average. The improvement achieved can contribute to technical feasibility of this type of system.
The uses of Buck converter with MPPT extend the plant time operation. For both levels of salt concentration (1,000 and 1,500) mg/L TDS used in RO desalination plant it was able to permeate 175.3 L of daily production of drinking water with 120 mg/L of TDS, specific energy consumption of 2.56 kWh/m 3 . Solar PV energy coupled to the desalination shows an efficiency that can be applied to rural areas where the water scarcity is severe.
